Abstract Calcareous fens are azonal habitats permanently saturated by groundwater. This is expected to have a buffer effect on soil temperature, alleviating climate changes and allowing plant communities to occupy diverse climatic regions. We analysed the extent of such buffering and its relation with a relevant plant trait, the seed germination niche breadth, along altitudinal gradients in fens of the Cantabrian Mountains (Spain) and the Western Carpathians (Slovakia). In each fen we recorded soil temperature for several years and compared it with WorldClim predictions for air temperature. We also collected seeds from five Cyperaceae fen specialists to evaluate the influence of soil temperature on germination. Although the soil temperatures and WorldClim predictions were strongly correlated, their absolute values differed substantially, showing a narrower thermal amplitude and warmer minimum winter temperature in the soil. The greatest differences in soil temperature and germination niche breadth were those between mountain regions. Narrower germination niches correlated with the colder Slovak winter. Our results suggest that the soil thermal buffer allows species to escape frost temperatures in winter, but also high summer temperatures in warm regions, explaining their wide distribution ranges. The warm regeneration niche does not match the cooler soils, but shows variability and potential for adaptation. While these findings support resilience to climate warming, changes in precipitation rather than temperature seem to be the main threat for fen persistence.
Introduction
Climate change is affecting plant communities worldwide, provoking alterations of recruitment (Hoyle et al. 2013) , loss of suitable habitats , upward range shifts ) and vegetation changes . Most evaluations have been conducted on zonal vegetation types such as forests (Felton et al. 2009 ), probably because they are mainly influenced by macro-ecological factors. However, much less is known about the responses of azonal vegetation types, i.e. those that depend only secondarily on climate, their occurrence being driven by local edaphic conditions (Breckle 2002) .
A typical example of azonal vegetation are calcareous fens (also called alkaline fens, small-sedge fens or calcareous spring fens, hereafter shortly referred to as fens; Hájek et al. 2006) . Fens are priority habitats for conservation that harbour a high number of endangered species (Bergamini et al. 2009 ). Fen formation and maintenance are governed by the hydrological regime of hard-water springs, which support highly-adapted floras in spatially reduced areas (Grootjans et al. 2006; Jiménez-Alfaro et al. 2013 ). This dependence on fastidious conditions of hydrogeology and the climate makes fens potentially vulnerable to environmental changes (Parish et al. 2008) . However, most climate change assessments on these environments rely on spatial models of air temperature (Essl et al. 2012) , making an in situ investigation of fen thermal conditions much needed.
In Europe, fens are distributed from the Iberian Peninsula to Fennoscandia and from low valleys to the alpine belt, but nonetheless the constituent and dominant species remain relatively homogeneous (Jiménez-Alfaro et al. 2014 ). An apparent climatic resilience fen species is further suggested by the persistence relicts in their distribution limits (Amon et al. 2002; Topić and Stančić 2006; Hájek et al. 2009; Jiménez-Alfaro et al. 2012) . A possible cause for this climatic resilience may be the buffer effect of groundwater on soil temperature, reducing the expected differences of the realized niche in diverse climatic regions (Ellenberg 1988) . Indeed, the cool waters from underground aquifers that saturate fens are expected to keep temperatures warmer during cold periods and vice versa (Ellenberg 1988; Geiger et al. 2009 ). As root-zone temperature is known to be a major determinant of plant ecophysiology (Körner and Paulsen 2004) , this buffer effect might allow fen species to regenerate and live along a wider range of air temperatures than they could otherwise. However, this hypothetical buffer effect appears not to have been studied directly, and its actual field characteristics are not known.
The buffer effect can potentially affect all relevant ecophysiological plant processes, beginning with regeneration by seed. Germination timing is essentially governed by environmental temperature (Bewley et al. 2013) and is highly sensitive to climate warming (Walck et al. 2011; Orrù et al. 2012) . Variability in germination traits allows plants to find suitable habitats amidst environmental changes, supporting their persistence under global change (Cochrane et al. 2015) . This variability can be addressed by the germination niche breadth, a relevant plant trait that defines the amplitude of external conditions that elicit germination (Marques et al. 2014) . Broad germination niches permit broader ecogeographical ranges and are favoured by fecundity selection, but also increase the risk of seeds germinating into suboptimal or lethal establishment environments (Donohue et al. 2010) . However, it is unclear to what extent the warm temperatures that elicit germination in many fen species (Schütz 2000) actually match the field thermal range (Fernández-Pascual et al. 2013) . A correct evaluation of the overlap between soil temperature and germination niche is therefore necessary to assess the sensitivity of fen communities to climate change.
In this work we analyse soil temperatures and the seed germination niche in fens from two contrasting regions of their European distribution. We measured in situ soil temperatures and performed germination experiments on seeds from different sites along regional altitudinal gradients in Central Europe and in the Iberian Peninsula. Our main aims were to (1) quantify soil thermal buffering as compared with temperatures predicted by climatic models, (2) evaluate the match between soil temperatures and the germination niche of fen specialists, and (3) discuss the implications of climate buffering and the germination niche breadth for the assessment of possible climate change impacts.
Material and methods

Study system and temperature data
This study took place in the Cantabrian Mountains (Spain) and the Western Carpathians (Slovakia). Within each region, we selected three sites covering the local altitudinal gradients of fen vegetation ( Table 1) . In June 2010 we placed temperature dataloggers (M-Log5W, GeoPrecision, Ettlingen, Germany) in each site, buried 5 cm in the soil in a flat and central area. In this ecosystem, it is at this depth that true soil begins to develop, under the porous upper layers made up of live mosses. After three years of measurements, we downloaded the data for further analysis. For reasons beyond our control, the datalogger at the middle-altitude Slovak site vanished during the second year, and therefore only one year of measurements could be considered for this site.
We compared our soil temperatures with those more frequently used in climate change studies, i.e. the WorldClim model averaged for the last 50 years (Hijmans et al. 2005) . From both data sources we calculated several parameters: (1) monthly averages of daily means; (2) monthly averages of daily maxima, hereafter day temperatures; (3) monthly averages of daily minima, hereafter night temperatures; temperature extremes in (4) winter (W min -December-February average of daily minima) and (5) summer (S maxJune-August average of daily maxima); (6) number of months with mean temperatures <1°C; and (7) number of months with minimum temperatures < 0°C. We compared soil and WorldClim parameters with linear mixed models (LMM, for parameters 1 to 5) and generalized linear mixed models with binomial distribution and logit link function (for variables 6 and 7), considering in all cases country and altitude nested within country as random factors.
Germination experiments
Detecting across-species patterns in the germination niche requires an ecologically and taxonomically homogeneous study group (Luna and Moreno 2010) . Here we chose Cyperaceae Juss., the dominant plant family in fens, whose members usually show type 2 non-deep physiological dormancy (Baskin and Baskin 2004) . This means that freshly dispersed seeds can germinate only at warm temperatures (ca 25°C) and acquire the capacity to germinate at cooler temperatures (< 15°C) as they lose dormancy (Schütz 2000; Fernández-Pascual et al. 2013) . During the 2011 dispersal season (JulySeptember) we collected 'seeds' (achenes or utricles) from five Cyperaceae commonly found in the study sites: Blysmus compressus (L.) Panz. ex Link, Carex davalliana Sm., Carex echinata Murray, Carex lepidocarpa Tausch and Eriophorum latifolium Hoppe. The seeds stayed for three weeks in our laboratory (ca 22°C, 50 % RH) before undergoing germination experiments to characterize the germination niche breadth of each collection.
For each collection and treatment, we sowed 25 seeds in each of four Petri dishes (1 % agar-water), sealed with Parafilm to prevent desiccation. Experimental factors were: (1) pre-treatment (fresh -no pre-treatment; coldstratified -12 weeks on 1 % agar-water at 3°C in darkness, simulating overwintering); and (2) germination temperature: 30/20°C (unusual heat), 22/12°C (summer conditions) and 14/4°C (spring-autumn conditions; Fernández-Pascual et al. 2013b ). Temperatures were programmed on growth chambers (Grow-S 360, Ing. Climas, Barcelona, Spain) operating on 12/12 h photoperiods, with the warmest temperature coupled to the light interval (20 μmol·m −2 ·s −1 provided by six Philips TLD30W/54-765 cool fluorescent tubes). We scored seed germination (as 2 mm radicle emergence) weekly, and after four weeks we opened the seeds remaining in the test with a scalpel, classifying them as apparently viable non-germinated, empty and infected. Empty and infected seeds were excluded from further analyses. We estimated the germination niche breadth of each collection as Pielou's evenness index (Brändle et al. 2003; Cerabolini et al. 2003; Luna and Moreno 2010) , using the average percentage germination at each of the six experimental treatments. This index takes values from zero (high sensitivity to one treatment, narrower germination niche) to one (germination evenly distributed across treatments, broader germination niche). Germination niche breadth had a normal distribution, thus we analysed the variability in germination niche breadth among species, regions and sites using ANOVA. Subsequently, we analysed the correlation between germination niche breadth and soil temperature by fitting LMMs to germination niche breadth data with W min and S max as fixed predictors and species as a random factor. We chose W min and S max to represent the temperature limits or more extreme temperatures at each site. We also plotted the relationship between significant predictors and germination niche breadth by linear regression, using the residuals of a LMM computed with no fixed effect and only the species as a random factor to rule out the potential effect of between-species variation. W min and S max were not significantly correlated (R = 0.075, P = 0.888, n = 6) and the model residuals were not spatially autocorrelated (P > 0.05, Moran's I test computed using ArcGis v9.3, Esri, Redlands, USA). We performed the statistical analyses with SPSS (v21.0, IBM, Armonk, USA).
Results
Temperature
Soil temperatures recorded at the different sites by the dataloggers were significantly correlated to air temperatures predicted by the WorldClim model ( Fig. 1) , considering mean (R 2 = 0.927, P < 0.001, n = 6), day (R 2 = 0.928, P < 0.001, n = 6) and night (R 2 = 0.912, P < 0.001, n = 6) values. Nonetheless, absolute values were different. As a whole, WorldClim-predicted mean temperatures were slightly colder than observed temperatures 7.1 vs 9.2°C, F 1,10 = 16.001, P = 0.003 although there was seasonal variation as differences were significant in winter −0.5 vs 3.8°C, F 1,10 = 18.882, P = 0.001 but not in summer (14.8 vs 15.7°C, F 1,10 = 1.156, P = 0.308). A remarkable difference was found in the temperature limits in both seasons (Table 1) ; WorldClim predicting warmer maxima in summer 21.4 vs 18.0°C, F 1,10 = 9.137, P = 0.013 and colder minima in winter −4.1 vs 3.4°C, F 1,10 = 69.944, P < 0.001. Differences were also marked in night temperatures, predicted to be much colder in WorldClim 2.3 vs 8.0°C, F 1,10 = 225.237, P < 0.001 while day temperatures were not significantly different 12.0 vs 10.9°C, F 1,10 = 2.827, P = 0.124. Accordingly, WorldClim predicted a higher number of months with mean temperatures under 1°C (2.8 vs 0.8, F 1,10 = 7.213, P = 0.023) and with negative minimum temperatures 4.7 vs 0.2, F 1,10 = 13.936, P = 0.004 suggesting more common freezing events.
Germination
The germination of the five species (Table 2) shared a common pattern: fresh germination occurred only at warm temperatures; and germination was possible at cooler temperatures after stratification. All seed collections germinated at 30/20°C without previous cold stratification, although percentages were usually low. Fresh germination also occurred at 22/12°C in B. compressus, E. latifolium and especially C. echinata. Cold stratification increased germination in all the species at 30/20 and 22/12°C, and also at 14/4°C in C. davalliana, C. echinata and E. latifolium. Germination niche breadth (Fig. 2) was significantly different among species [F 4,11 = 31.987, P < 0.001]. From narrower to broader niches it averaged (mean ± SE) 0.43 ± 0.06 in C. lepidocarpa, 0.56 ± 0.04 in B. compressus, 0.68 ± 0.02 in C. davalliana, 0.77 ± 0.03 in E. latifolium and 0.87 ± 0.01 in C. echinata. Germination niche breadth was significantly broader in Spanish collections (F 1,11 = 9.153, P = 0.009) but showed no significant differences among sites nested within regions [F 4,11 = 1.990, P = 0.148]. Regarding site temperatures, germination niche breadth was significantly correlated to the winter minima at each site [F 1,18 = 8.932, P = 0.008] but not to the summer maxima [F 1,18 = 0.227, P = 0.640]. After ruling out the differences among species, a significant positive correlation existed between the germination niche breadth residuals of the collections and the winter minima at each site (Fig. 3) .
Discussion
Soil thermal buffer in fens
This study demonstrates that the temperature of fen soils is in general less variable and less extreme than forecast by standard models of air temperature, thus suggesting a buffer effect of groundwater systems. Nevertheless, the magnitude of this effect varies temporally. During the day and in summer soils seem relatively sensitive to air temperature, being less water-saturated as a consequence of warmer air and solar radiation, which likely reduces the buffer effect. In contrast, during night and in winter soil temperatures never get as cold as would be expected, and so the buffer effect is stronger over the cold end of the thermal gradient. This suggests that the main consequence of the buffer is to reduce the likelihood of soils becoming extremely cold, allowing fen species to occupy sites with lower air temperatures than they could otherwise. This effect has been observed in western Siberia, where fens are especially rich in relict thermophilous species, contrasting with rain-fed bogs which host relict species from colder periods (Lapshina 2004) . Similarly in Slovakia, thermal springs acted as refuges for warmdemanding wetland species during the Quaternary (Hájková et al. 2013) , and human-favoured mountain fens gave shelter to lowland wetland specialists once lowland fens were destroyed by human colonization (Jamrichová et al. 2014) . If night and winter cold extremes are indeed the limiting factors masked by soil water buffering, then the direct risks of climate warming are lessened. However, confirming this hypothesis will require a detailed study of the potential thermophilous nature of fen species compared to other ecosystems. We also found that soil temperature varies among altitudes and regions, but this variation is not as pronounced as predicted by WorldClim air temperatures, again supporting a buffer effect. Soils are generally colder in Slovakia and at higher altitudes, following the known gradients of latitude and altitude (Breckle 2002) , but again different patterns can be described in winter and in summer. In winter, Slovak soils are much colder and temperatures close to zero indicate an influence of snow cover that is not felt in Spain, but altitudinal differences are relatively small. In summer, soil temperatures are relatively similar in both regions and differences seem in this case more driven by altitude, with a sharp drop in the higher sites. This suggests a cooling effect in the Iberian fens, which are subjected to warmer air temperatures than Slovak ones. While a dry soil is expected to experience high temperature maxima as a consequence of solar radiation in the central parts of the day (Geiger et al. 2009 ), this cooling effect seems to prevent extreme warm temperatures. This effect is especially noticeable during the summer in the Spanish fens, explaining the persistence of cold-adapted species in fens of relatively warm regions such as the Cantabrian Mountains (Jiménez-Alfaro et al. 2012 ). This supports the idea that alpine-boreal relict species in warm regions also benefit from cooling regulation during summer (Ellenberg 1988) .
We note that further interpretation of the fen soil thermal buffering will require comparative studies with other soils and with air temperatures measured in situ. WorldClim predicts air temperature, and a certain degree of buffering is expected in any kind of soil (Geiger et al. 2009 ). In our study system, soils under predicted air temperatures would suffer frequent episodes of freezing, which rarely occur in the recorded data. Freezing can be prevented by snow 3 Linear regression between the residuals of the germination niche breadth (GNB) and the average of the winter minimum temperatures (W min ) calculated from soil dataloggers. The second axis represents the studentized residuals of a linear mixed-effect model fitted to the GNB with species as a random factor, to rule out the effect of the species. Each black dot is the residual of a collection.
cover, and most of the sites are certainly covered by snow during the winter, but still their soil temperatures are higher than the stable 0-1°C that is expected under snow. Especially in Spain, of the 1,095 days of records, temperatures suggesting snow cover were only registered during 15 days, and only in the middle-altitude site. These patterns are strikingly different from those commonly found in other mountain soils (Körner 2003) . In moist soils, when the temperature drops to zero the transition of water to ice releases latent heat that stops further cooling until all groundwater freezes, a process called the zero-curtain effect (Outcalt et al. 1990; McKenzie et al. 2007) . In fens, the continuous input of groundwater might greatly prolong this effect, determining fundamental differences with other moist soils with a limited groundwater supply, e.g. blanket bogs. Such ecosystem-specific variation in environmental perturbation or stability likely has a profound effect on the autecology of bog and fen species, and should determine key differences in the response to environmental changes such as climate warming.
Germination niche and soil temperature
The germination patterns in response to temperature are homogeneous in all the studied species, suggesting a general pre-adaptation of fen species to the habitat. All species had their optimal germination temperature around 25°C, as is expected in wetland Cyperaceae (Schütz 2000; Fernández-Pascual et al. 2013 ). This temperature is strikingly out of the field thermal range, and was never registered during three years of measures. In normal conditions, the study species are thus expected to germinate slowly as they lose dormancy and their germination temperature range broadens towards lower values. Quick germination at 25°C could only occur in extraordinary situations when the soil becomes drier. Wetland Cyperaceae regeneration seems to be defined by these fast gap-detecting strategies, including pseudovivipary (Leck and Schütz 2005) and the response to diurnallyalternating temperatures (Fernández-Pascual et al. 2015) . Although related species are expected to share similar germination strategies due to phylogenetic constrains (Carta et al. 2014) , we found subtle differences that seem to be related to different ecological preferences. The response to warm temperatures appears to be relatively stronger in B. compressus and C. lepidocarpa, species of low-productive and rather open vegetation. Especially B. compressus colonizes disturbed fens and gaps produced by cattle trampling (Coldea et al. 1997; Jamrichová et al. 2014) . Both these species are typical of fens from warmer regions of Southeast Europe, which are usually managed by grazing (Hájek et al. 2008) . Conversely, an ability to germinate at 14/4°C after stratification is shown by C. davalliana and C. echinata, species that dominate more established stages where dry gaps are rarer. Contrary to the two former species, C. davalliana and C. echinata can reach high abundances in ungrazed and rather productive wet Calthion grasslands (Klimešová et al. 2011) .
In general terms, the germination niche of the study species is broad and responds to an ample thermal range. Interestingly, the broadest germination niche is shown by a species with the broader niche within the mire conductivity gradient, Carex echinata, thus agreeing with what has been called the regeneration niche hypothesis (Marques et al. 2014) . We also found that within-species variability in germination niche breadth correlates with regional differences in the winter minimum temperatures. Environmental variation, especially when it is temporal (e.g. unfavourable weather) rather than spatial (e.g. patchy landscapes), makes narrower niches adaptive because postponing germination may increase the chance of finding adequate environments (Donohue et al. 2010) . Restricted germination through seed dormancy has already been identified as a bethedging strategy conferring fitness advantages in variable environments (Gremer et al. 2012) , and it seems that germination niche breadth further attunes germination timing to environmental variability. This broad nature of the germination niche, coupled with its variability, is expected to contribute to the persistence of fen species under climate warming (Walck et al. 2011; Cochrane et al. 2015) . However, this variability seems to operate only between regions. Within regions, altitudinal differences of about 1,000 m were not significant, contrasting with the altitudinal variation that has been reported for other traits such as seed/fruit weight or seed dormancy (Cochrane et al. 2015) . This concurs with the observation that, in this habitat, the buffer effect reduces altitudinal differences in winter temperatures, precisely those related to germination niche breadth.
Conclusions
This study explored two mechanisms that might play a role in the response of fen communities to climate change; the buffer effect of soil water and the thermal niche for seed germination. Overall, our results point to the potential of fen species for climatic resilience, explaining their persistence in regions with contrasting climates (Topić and Stančić 2006; Hájek et al. 2009; Hájek et al. 2011; Jiménez-Alfaro et al. 2012) . The soil thermal effect allows fen species to avoid frost temperatures in winter, but also high summer temperatures in warm regions (Ellenberg 1988) , explaining the wide distribution ranges of the fen species in Europe (Jiménez-Alfaro et al. 2014 ). Our study also shows a latitudinal correlation between germination niche breadth and winter temperatures. Although a similar correlation has been established for seed dormancy (Carta et al. 2015) , to our knowledge this is the first time that it has been explicitly confirmed with germination niche breadth, a more comprehensive concept that includes the spreading of germination over a wider or narrower range of conditions. Germination niche breadth is known to correlate with species distribution and abundance (Brändle et al. 2003; Luna and Moreno 2010) , and our study further highlights its essential role in plant ecology.
Finally, we must note that wetlands primarily depend on the quantity and quality of their water supply (Erwin 2009) , and fens may be extremely sensitive to the predicted decreases in precipitation (Essl et al. 2012) , which could compromise the buffer effect. In fact, European fens are restricted to non-Mediterranean regions (Jiménez-Alfaro et al. 2014 ) and threatened in transitional climatic regions (Topić and Stančić 2006) . Thus, a 'Mediterranean-ization' effect of reduced water supply in extremely dry summers might be the main threat for the persistence of fen species. Considering secondary climatic variables, local edaphic conditions and species regeneration traits is thus fundamental for understanding plant responses to climate change in azonal vegetation types.
